This document describes the development of a user-friendly and efficient groundwater management model of the Project Shoal Area (PSA) and surrounding area that will allow the U.S. Department of Energy and State of Nevada personnel to evaluate the impact of proposed water-use scenarios. The management model consists of a simple hydrologic model within an interactive groundwater management framework. This framework is based on an object user interface that was developed by the U.S. Geological Survey and has been used by the Desert Research Institute researchers and others to couple disparate environmental resource models, manage temporal and spatial data, and evaluate model results for management decision making. This framework was modified and applied to the PSA and surrounding Fairview Basin. The utility of the management model was demonstrated through the application of hypothetical future scenarios including mineral mining, regional expansion of agriculture, and export of water to large urban areas outside the region. While the results from some of the scenarios indicated potential impacts to groundwater levels near the PSA and others did not, together they demonstrate the utility of the management tool for the evaluation of proposed changes in groundwater use in or near the PSA.
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INTRODUCTION
The Project Shoal Area (PSA), located about 50 km southeast of Fallon, Nevada, was the site of a 12-kiloton nuclear test on October 26, 1963 (DOE, 2000 . The test, conducted at a depth of 367 m below land surface, was part of a program to enhance seismic detection of underground nuclear tests in active earthquake areas. The test took place in fractured granite along the crest of the Sand Springs Range.
In accordance with a Federal Facility Agreement and Consent Order (FFACO) with the State of Nevada, an area around the test site that may contain water unsafe for domestic and municipal use was delineated. The groundwater flow and transport models developed to delineate this boundary assume the continuation of current land and subsurface uses into the future. The U.S. Department of Energy (DOE) and State of Nevada regulators need a flexible groundwater management tool that will allow them to evaluate the impact of any proposed changes (scenarios) in groundwater use in the nuclear test vicinity.
The primary aim of this project is to develop a user-friendly and efficient management model of the PSA and surrounding areas that will allow DOE and state personnel to evaluate the impact of proposed water-use scenarios. The management model framework includes spatial and visualization tools to easily generate scenarios and analyze results. The hypothetical future scenarios developed to demonstrate the utility of the interactive groundwater management framework are intended to reflect a wide range of possible future situations that DOE and state personnel may need or want to evaluate in the PSA and surrounding area. While some or all of these scenarios may never occur, together they provide a broad range of possible impacts that demonstrate the utility of the management tool for the evaluation of proposed changes in groundwater use in or near the PSA. The software developed is described below and a copy is included on a compact disc located at the back of this report.
PREVIOUS WORK Hydrologic Models of the PSA
Initial hydrologic investigations in support of the Shoal underground nuclear test (University of Nevada, 1965) involved the drilling of several deep wells and provided a thorough description of the local hydrologic system. Maxey (1967) characterized the groundwater system as dominated by recharge in the Sand Springs Range and discharge in the adjacent lowlands. Hazelton-Nuclear Science (1965) used this conceptual model to estimate the extent of contaminant transport. They concluded that slow groundwater velocities and radioactive decay limit the occurrence of hazardous aqueous concentrations of radionuclides to within 1,000 m of the immediate detonation area.
The next major period of investigation began in 1996 when corrective action work under the FFACO was initiated. Investigations from 1996 to 1998 obtained field data to support predictions of contaminant transport. This included determination of the hydraulic gradient in the test area, the permeability and porosity of the Sand Springs granite, recharge conditions, and information on the migration of contaminants from the test area. These data were incorporated into a numerical model to predict radionuclide transport (Pohll et al., 1998 . This model could not reproduce some of the field data, including head measurements and chemical and isotopic data.
Investigations and modeling from 1999 through 2003 addressed the problems encountered in the 1998 model. A Data Decision Analysis was performed to guide the investigation and data collection methods for minimizing the uncertainty in the groundwater flow and transport model predictions. The results of the Data Decision Analysis were used to propose three additional activities: vadose zone modeling, a two-well tracer test and an environmental tracer/deep-well hydraulic characterization well-nest. Data from these activities were used to refine the 1998 model (Pohlmann et al., 2003) . This refinement included the representation of a low-conductivity shear zone to the east of the test site.
Tools for Management of Hydrologic Models
Researchers at the Desert Research Institute, in collaboration with the U.S. Geological Survey (USGS), have recently developed and implemented a computer application, Object User Interface (OUI), to provide the general framework needed to couple disparate environmental resource models and manage temporal and spatial data. The OUI is a map-based common interface for running computer hydrologic models as well as acquiring, browsing, organizing, and selecting spatial and temporal data. The OUI is based in Java and Extensible Markup Language (XML) and will run on most computer operating systems (e.g., windows, Solaris, MAC OS, etc.) without modification. The OUI is an "open source" computer code that is available at no cost to the user. The Desert Research Institute and the USGS have recently developed and applied real-time OUI-based decision support tools for water managers (e.g., U.S. Bureau of Reclamation, U.S. Army Corps of Engineers, U.S. Natural Resource Conservation Service) in several large watershed systems in the Western United States (e.g., Rio Grande, Gunnison River, Yakima River, Carson-Truckee river systems). Several of these systems included representation of groundwater-surface water interactions within the watershed systems that are critical to decision making and scenario analysis for water resource management. The OUI-based software was modified in this project to implement an OUI-based groundwater management tool for the DOE and state water managers.
PSA STUDY AREA DESCRIPTION
The PSA is a 10.4-km 2 area in the Sand Springs Range, Churchill County, Nevada, that was withdrawn from the U.S. Bureau of Land Management for the Shoal nuclear test (Figure 1 ). Ground zero of the Shoal nuclear test is located near the middle of the PSA at a depth of 367 m below the land surface elevation of 1,594 m. The test site is on the crest of the Sand Springs Range on a minor intramountain plateau named Gote Flat. The range trends north-south between Fairview Valley to the east and Fourmile Flat to the west, with about 500 m of relief between range and valley. There are no permanent streams or lakes, though a major intermittent drainage course follows Ground Zero Canyon, near the test site, to Fairview Valley. Sparse, low vegetation covers the area. Valleys in the region are semi-arid, and the mountains subhumid. Annual precipitation for the PSA is estimated between 20 and 30 cm. Temperatures range from 38°C in July and August to -18°C in December and January.
The Sand Springs Range is a fault-block mountain defined by nearly vertical northeast-and northwest-trending faults, typical for a range in the Basin and Range province. The range is predominantly Cretaceous-age granite with adjacent metamorphosed Paleozoic Groundwater in Fairview Basin originates from precipitation in the mountain ranges that surround the valley, including the southern Stillwater Range on the northwest, the Sand Springs Range on the west, and Fairview Peak and Slate Mountain on the east. Groundwater moves laterally toward Fairview Valley primarily through fractures in the crystalline rock. Alluvium thickness in the Fairview Valley has been estimated using gravity measurements to range from approximately 1,770 m on the western margin of the basin to approximately 1,220 m on the eastern margin (University of Nevada, 1965) . Hydraulic properties of the basin-fill material have been determined from pumping tests near the western margin of the valley and at Frenchman's Station, near the center of the valley. Hydraulic properties of the crystalline rock are controlled by numerous high-angle faults and associated fractures and have been studied with a two-well tracer test and an environmental tracer/deep-well hydraulic characterization nest (Carroll et al., 2001; Mihevc et al., 2000; Reimus et al., 2003) .
Recharge in Fairview Basin was estimated by Harrill and Hines (1995) by dividing the basin into elevation zones. Elevations below 1,524 m are assumed to contribute no recharge, elevations between 1,524 m and 1,829 m are estimated to contribute 0.76 cm/yr, and elevations above 1,829 are estimated to contribute 2.4 cm/yr. Pohll et al. (1998) estimated a recharge rate of 1.5 cm/yr at an approximate land surface elevation of 1,620 m using thermal profiles in Shoal wells, while a model of the vadose zone at the PSA suggests recharge rates from near zero to 0.l16 cm/yr (Pohll, 1999) . Natural discharge from the Fairview Basin occurs as lateral underflow toward Dixie Valley to the northeast. Harrill and Hines (1995) estimated that this discharge occurs at a rate of 7,774 m 3 /d and assumed that evapotranspiration is negligible in comparison.
Numerical Model
The numerical model is a two-dimensional representation of unconfined flow in the Fairview Basin consisting of 3,175 square elements with sides of 500 m (Figure 2) . The model domain extends 48 km north to south and up to 28 km east to west. Boundaries are noflow (impermeable) with the exception of a 3.2-km section bordering Dixie Valley with a specified head boundary (Dirichlet condition). Heads on this boundary are assigned a value of 1,184 m above mean sea level (AMSL) based on the water level measured in a nearby well at the U.S. Navy Range Site and the water table map of Cohen and Everett (1963) . Recharge is applied to the model based on elevation zones as reported by Harrill and Hines (1995) and shown in Figure 3 . The model is divided into two zones for the purpose of assigning hydrologic properties. Zone I represents the basin-fill aquifer and Zone II represents the crystalline rock aquifers (Figure 4 ). Specific yield is set to 0.3 for Zone I and 0.019 for Zone II, based on the porosity of each unit. Specific storage is set to 1 x 10 -5 for both zones. The MODFLOW horizontal flow barrier package is used to simulate the low-conductivity shear zone to the east of the test site (Figure 2) . The model is calibrated to steady-state conditions with the hydraulic conductivities determined by the PEST parameter estimation engine to be 476 m 2 /d for Zone I and 5.0 m 2 /day for Zone II. These values are consistent with those used by Pohlmann et al. (2003) and pumping test estimates (University of Nevada, 1965; Mihevc et al., 2000) .
Zones
Zone 1-Basin-fill aquifer Zone 2-Crystalline rock aquifer 
Object User Interface
The OUI is a map-based framework for models and modeling data developed and maintained by the USGS (www.brr.cr.usgs.gov/projects/ SW_precip_runoff/mms). The OUI provides a common interface for running models, as well as acquiring, browsing, organizing, displaying, and selecting spatial and temporal data. The OUI is highly configurable through the use of a user-modifiable, text-based control file that is written in XML.
The OUI is displayed on a computer screen as a control panel and a geographic information system (GIS) panel (Figure 6 ). Themes consisting of spatial information such as elevation, roads, and model grids can be activated on the GIS panel from the control panel. The control panel also allows information to be entered for model setup, control of model execution, and viewing of model results. Model results can be viewed as themes or animations of state variables such as hydraulic heads and drawdown. Enhancements to the OUI for this project include enabling the OUI to run MODFLOW and developing of a tool for entering pumping scenarios. Linking the OUI to MODFLOW required the modification of the OUI Java and XML code to write and read MODFLOW files and execute the MODLOW computer application. For example, information describing a MODFLOW well (location, pumping rate, etc.) is entered and displayed using the OUI and then written in the MODFLOW well file format prior to executing MODFLOW. Following a MODFLOW run, model output such as drawdown are read and displayed by the OUI.
One objective of this project was to build a tool within the OUI that allows a user to determine if future pumping scenarios lead to drawdown within the PSA boundary that exceeds a threshold. To facilitate this, a dialog box was created that informs the user at the end of a MODFLOW run if a preselected threshold value of drawdown has been exceeded at the PSA site. If the model results indicate that the drawdown within the PSA exceeds this threshold, a message box is presented to the user with this information (Figure 7 ). The OUI tool developed for entering information about pumping scenarios can be used in two modes: point-and-click, and tabular entry (Figure 8 ). Point-and-click entry entails clicking the mouse on the appropriate model grid location, a dialog box is then activated for entry of the pumping rate. Tabular entry entails entering x-and y-coordinates and the corresponding pumping rate. Once the information is entered, each scenario can be saved to a file for future use. Any projection can be used for the x-and y-coordinates of the model and the pumping scenarios. However, if a UTM projection is used, there is an option to enter the well locations as Township, Range, and Section. This option can be useful since well logs often use these designations. 
DEMONSTRATION OF PSA MANAGEMENT MODEL UTILITY Overview
The purpose of the PSA management model is to determine the potential for future groundwater withdrawals to alter the groundwater flow system adjacent to the PSA. Although the groundwater flow model used within the management model does not simulate radionuclide transport or flow, it provides an indication of the potential changes due to increased pumping activities. The site-scale flow and transport model that was used to calculate the contaminant boundary assumed that the groundwater will remain in steady-state or equilibrium conditions. Therefore, if pumping rates increase within the Fairview Basin, it is possible that the water levels and associated flow directions and magnitude may change in the vicinity of the PSA. This management model will highlight changes that would potentially intersect the PSA such that the high-resolution flow and transport model can be updated to reflect the new conditions at the site.
Declining water levels (drawdown) is the metric used to determine potential changes in the groundwater system near the PSA. The OUI has the capability of presenting numerical values of drawdown, but the user may be most interested in significant water level declines that intersect the PSA. All scenarios presented in this report use a drawdown threshold of 1 m to show whether increased pumping influences the groundwater system. The user has the capability of changing the drawdown threshold within the OUI.
In the following sections, the details and results of several hypothetical future scenarios are described. The scenarios were developed to demonstrate the utility of the interactive groundwater management framework and are intended to reflect a wide range of possible future situations that DOE and state personnel may need or want to evaluate in the PSA and surrounding area. While some or all of these scenarios may never occur, together they provide a broad range of possible impacts that demonstrate the utility of the management tool for evaluation of the impact of proposed changes in groundwater use in or near the PSA (e.g., pumping wells) on radionuclide migration (i.e., contaminant boundary). For each scenario, the calibrated MODFLOW model was run in a transient mode for a 100-year period.
Development of Scenarios
For the purpose of demonstrating the utility of the PSA groundwater management tool, a few general scenarios were developed using scenario theory. Scenario creation for any region is driven by the single overlying question of how a region might change (Shearer et al., 2006) given a specific change in the existing system. Properly framing this question drives scenario-based studies. In this project, the focal issue is how potential changes in land use impact groundwater supply.
In general, change within a region is influenced by a combination of technological, economic, social, political, and environmental factors. Since future changes are undefined, scenarios must be formulated within a range of uncertainties. Further, driving factors that influence change may operate within the region or may be contained within macro-scale (outside the region) forces (Schwartz, 1996) .
Based on a site visit and discussions with both residents and nonresidents familiar with the area, three key uncertainties in future land-use emerged. They are:
1. Will mineral mining-specifically gold and silver-increase in the region? 2. Is regional expansion of agriculture going to occur? 3. Will demands for water in large urban centers outside the region result in water demand within the region?
These three key uncertainties were translated into three scenarios, distinguished by type of water use:
• Scenario 1-Agriculture
All of the scenarios assume current water rights are fulfilled by allowing pumping to occur at the designated duty of each water right. All scenarios restrict the total amount of pumping to the perennial yield of the Fairview Basin. Though multiple scenarios are likely to exist in conflict if they occur together, the tool is capable of combining aspects, and subsequently well pumping rates, from any of the scenarios into a single outcome.
The suite of scenarios is designed to show an adequate range of the possible policy and land-use decisions that may occur in the future. Figure 9 shows the existing pumping wells and possible distribution of new wells by scenario and should be used as a spatial reference for understanding the scenario descriptions that follow.
Description of Scenarios
Scenario 1-Agriculture
The remote location of the Fairview Basin and the relatively low amount of private land yields very little change in land use for the region. The three existing water rights continue pumping at their current rates. These water rights are detailed in Table 1 . Agriculture gains greater emphasis throughout the region. Water applicants successfully negotiate between the U.S. Department of Defense, the Nevada State Public Lands office, and the State Engineer's office to certify their water rights, allowing them to pump their water. The negotiations result in three center-pivot alfalfa fields to be allowed on U.S. Department of Defense lands and two new stock locations on public land. For applicants who filed for irrigation rights, annual duties are calculated by assuming the pumping will only occur for a third of the year, or the effective irrigation season. Applicants filing for stock water rights are given the right to pump throughout the year.
Collectively, the three granted agriculture crop production groundwater rights allow pumping to yield 6,607 m 3 /day ( Table 2 ). The two additional stock ponds are pumped to yield 69 m 3 /day. The combined total annual pumping for Scenario 1 and existing water rights yield 6,903 m 3 /day. Scenario 2-Mining
With rising gold and silver prices, many gold and silver companies begin opening old claims and reopening abandoned mines. Within the Fairview Valley basin, only a single mine, The Bell Mountain Mine, is reopened, requiring additional needs for water resources to conduct mining activities. The close proximity of mining activities to the city of Fallon and little to no private land available within the basin result in no new construction of residential housing or other commercial buildings.
Previously withdrawn groundwater rights by the Bell Mountain Mining Company are requested and granted by the State Engineer's office, resulting in the drilling of five new wells (Table 3) . Collectively, the wells yield 6,851 m 3 /day. Due to the relative shallow depth of the gold and silver deposits and deep depth to groundwater, no dewatering is required. The combined total annual pumping for Scenario 2 and the existing water rights yield 7,079 m 3 /day. Scenario 3-Urban Water Diversion
Population centers within the state of Nevada continue to grow at their current rates, creating a need to acquire more in-state water resources. Las Vegas in particular, through the Southern Nevada Water Authority, continues to look to rural Nevada and expands its currently proposed groundwater applications to include the Fairview Basin. The State Engineer's office grants rights such that a single well is drilled in the basin and water is pumped through a pipeline to Las Vegas. The well is located on U.S. Department of Defense land to deter public access.
The single well is pumped at a rate to ensure groundwater withdrawal is just under the perennial yield for the basin (Table 4 ). The single well yields 7,585 m 3 /day. The combined total annual pumping for Scenario 3 and the existing water rights yield 7,813 m 3 /day. 
Results for Each Scenario
The results for each scenario reflect the assumption that all current and scenario wells are allowed to extract water at the annual duty for 100 years. Therefore, within each scenario, pumping of the existing wells continues and new wells are added for water extraction. The continuation of current pumping in the Fairview Basin model domain results in no significant drawdown ( Table 1 ). The existing water extraction from the basin is less than three percent of the perennial yield.
Scenario 1, agriculture, results in a groundwater level decrease in the northern portion of Fairview Basin. A 270-km 2 area centered on the three center pivot wells located in the northwest portion of the basin experiences more than 1 m of drawdown (Figure 10a ). Although the aerial extent of groundwater level decrease is large, it does not include the PSA.
Scenario 2, mining, results in the smallest spatial extent of 1-m drawdown for the model domain. The 160-km 2 drawdown area occurs in the southeast portion of Fairview Basin and does not come close to the boundary of the PSA (Figure 10b ). Scenario 3, urban water diversion, results in the greatest spatial extent in 1-m drop in groundwater level for the model domain. The total area where a greater than 1-m decrease in water levels occurs is 345 km 2 . The groundwater level decrease occurs close to the center of the model domain (Figure 10c ). The zone of decrease comes within 500 m of the PSA. Heavy pumping by the single well and the proximity of the well to the PSA causes this scenario to be of the most concern.
The three scenarios show different groundwater effects as a function of pumping rate and spatial location (Table 5 ). The effect of any planned activity will be dependent on the actual location and planned pumping rate. The scenarios are theoretical and intended to demonstrate the utility of a groundwater management tool for the PSA. The nature of the scenario analysis does indicate how multiple scenarios can be evaluated under different yield amounts. 
CONCLUSIONS
Hypothetical future pumping scenarios were developed to demonstrate the utility of the PSA management model. Some or all of these scenarios may never occur. Nevertheless, the hypothetical scenarios provide insight into the potential consequences of increased pumping within Fairview Valley on the groundwater system at PSA.
The general conclusions that can be drawn from this study include:
1. The PSA management model provides an easy-to-use computer interface that will allow DOE and state personnel to evaluate the potential impact of proposed pumping within Fairview Valley on the PSA groundwater system. 2. This management model should be used only as a screening tool and not as the final model to evaluate radionuclide transport. Its primary purpose is to highlight when a potential change in pumping may alter radionuclide migration. If this tool suggests that groundwater levels will be impacted at the PSA, the high-resolution flow and transport model should be revisited to properly predict changes in radionuclide migration. 3. Pumping at current rates in existing wells, as allocated by the Nevada State Engineer, will not cause significant water level declines at PSA. 4. The impact of all proposed pumping scenarios is dependent on the number of wells, location of wells, and production rate. The management model allows these variables to be taken into account by the user.
